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Flip-Chip Bonded }[i c r o-Ie 1 ay ^ 1 n t e gra t ed Oo CMOS 

2. CUims 

Bishop 35-3-3-4 10 

1. A hybrid mtesrated circuit, comprising: 

a micro-electromechanical systems (MEMS) chip comprising a MEMS relay 
having a portion operativeJy moveable between a first position and a second position 
5 to complete an electrical connection to said MEMS relay m one of said first and 
second positions of the MEMS relay; and 

an integrated circuit chip bonded lo said MEMS chip to form a unitary 
structure defmlng said hybrid integrated circuit, said integrated circuit chip 
comprising an element located on said integrated circuit chip for electrical contact 
10 with said MEMS relay in said one of said first and second positions and so as to be 
oot of electrical contact with said MEMS relay in the other of said first and second 
positions to thereby complete an electrical connection between said MEMS chip and 
said integrated circuit chip in said one of said first and second positions when said 
integrated circuit ch^ is bonded to said MEMS chip. 

15 2. The hybrid circuit of dalm I, wherein said MEMS diip. further con^}rises a 
substrate and said relay conQ>rL&es a tnlcromacbined cantilever arm formed on the 
substrate and actuable by an electrostatic force to displace said arm between said first 
and second positions for contact of said arm with said element of the integrated circuit 
chip to establish electrical contact between said arm and element and thereby complete 

20 said electrical connection between the intBgraied circuit chip and the MEMS chip in 
said one of the first and second positions. 

3. The hybrid circuit of claim 2. wherein said cantilever arm comprises a bridge 
electrode carried on an end of the cantilever arm for electrical contact with said 
elemem on the integrated circuit chip. 

25 4. The hybrid circuit of claim 3, wherein said element on the integrated circuit 
chip con^rises a contaa electrode. 
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5. The hybrid circuit of claim 4« further comprisiDg an actuation electrode on the 
. MEMS device substrate for generatiiv the electrostatic force on the cantilevcs- arm to 

cause said displacecnent of the cantilever arm between said first and secood positions. 

6. The hybrid dr cu it of claim S » wherein said bond between the integrated circuit 
S chip and ttae MEMS chip comprises a flip-diip bond. 

7. The hybrid circuit of claim 6, wherein aaid integrated circuit chip comprises a 
CMOS chq>. 

8. The hybrid circuit of claim 7, further comprising a plurality of spacers 
fabricated on the substrate of said MBMS chip for controlling a width of a £^ 

10 defined between the CMOS integrated circuit chip and the MEMS chqi bonded 
together by said flip-chip bond. 

9. The hybrid circuit of claim 1, further coniprising an interconnection pad 
independently Joining the integrated circuit chip to the MEMS ch^ for providing 
permanent dectricai inteicomiection between the integrated circuit chip and the 

15 MEMS chip. 

10. The hybrid circuit of clahn 1. wherein said MEMS chip Is fabricated on a 
layer of said integrated cbxuit chip. 
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Fidd of tlM> TfTVCPtiiin. 

The present invention relates to hybrid integrated circuits luving micro- 
electromechanical systems (MEMS) chips bonded to CMOS chips. More specifically, 
S the present invention relates to MEMS relays integrated on CMOS circuitry. 

2 DesojiitMin of the Related Art 

Mechanical relays play an important role in various electronic systems. Examples 
of such systems include communication switch e(|uipment for individual phone 
connections and electronic test equipment 'wherein &nctions like ''range selection" may 
10 be implemented using mechanical relays. Solid slate switches that replace mecbamcal 
relays and provide electrical connection and isolation using semiconductor materials are 
widely used in many applications. However, such solid state switches possess relatively 
low off-state resistance and have limited bandwidth. For applications where such 
properties are necessary, mechanical relays are therefore still widely iised. 

15 Although most of the electronic fiiDCtiom of an integrated circuit are typically 

placed onto a single silicon CMOS chip, the mechanical relay function is still 
geoerally carried out using separately-padtaged relays off the chip when such 
ftiACtions are necessary. Such an arrangement resulu in several problems. First, the 
mechanical relay is the single component fliat occupies the most space in the total 

20 system core hardware. Second, as die integration scale of CMOS circuitry increases, 
the number of mechanical relays that need to be connected to such a CMOS chip 
increases. Since the physical space around the CMOS chip is limited, larger-scale 
integration of additional physical components becomes more difficult, eventually 
reaching a point of diminishing returns wherein it is simply not possible to add 

25 additional pans, such as additioaal mechanical relays, to the circuit. 

Thirds the connection between the CMOS dup and the mechanical relays must be 
designed to accommodate the required bandwidth. For large bandwidth applications, 
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even when the eonnecdon is carefully aeaigiud the physical distance between the relay 
* and the chip introduces a time delay in communication between them. Additionidly, 
conventional nFfr^fmirai relays that are widely used today are bulky and expensivek so 
that utilizing them in densely packed integrated circuit designs is prohibitive. 

5 Accordingly, there is a long-fdt need in the art for relays that can be used with 

integrated circuits and that arc cost-efifective and easily integrable. Such relays should be 
integrable with the circuitry architecture of the chip and be adaptable for wide bandwidth 
applications. 

Surwiwary Of The InventHm 

10 The present invention pravides an article comprising a MEMS chip which includes 

a micromachiDBd mechanical relay febricated in a MEMS febricatton process. This MEMS 
chip is bonded to an integrated circuit where relay action is required, that is» there are 
connections on this IC chip diat need to be established when necessary* Actuation of MEMS 
relays on the MEMS chip will establish connections in the integrated circuit chq>s via 

1^ mfp^"'"*^ action. In a prcfexred embodiment, the MEMS chip is flip^ip bonded to the 
integrated circuit chip, although other bonding techniques may be employed. 

The inventive hybrid circuits provide the functionality of a relay on and integrated 
with an integrated circuit While it is preferred that the integrated circuit chip be a 
CMOS integrated circuit chip, any type of integrated drout chip that can be bonded to a 

20 MEMS chip having a mit^omadiuned rday in accordance with the invention may utilize 
the inventive techniques disdosed and claimed herein. As the integration level of the 
integrated circuits increase^ the mmober of relays that need to be integrated also 
itirreflf^ The comfentional methods^ where in sqiarate mec h a ni cal relays are 
individually bonded to an integrated circuit, have severe limitations in this respect, since 

25 the edge to which relays can be bonded to is Limited. Going to a larger number of relays 
m convendonal technology requires a fim-out structure of the dectrical interconnects, 
and thus a time delay in the commumcation between the integrated circuits and the 
relays. Such integration bottleneck is absent in the bonded hybrid chip disclosed in the 
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present invention. Moreover, by using a careful eoibodiment of the inventive MEMS 
• relays, valuable integrated circuit real estate can be conserved, thereby incycaiing the 
ejffidency of fabricating hybrid integrated circuits. Additsonally, by . bonding the 
integrated circuits to the MEMS chips electrical commumcation delays between the 
5 relays on the MEMS chip and the drcuitiy on the integrated circoit chip are greatly 
reduced which allows the hybrid circuits of the present inveorion to be used in Ugh 
bandwidth applications. 

These and other tetures of the present invention will become apparent firom the 
foUowix^ detailed description considered in conjunction with the accompanying drawings. 
10 It is to be understood, however, that the drawings are designed solely for purposes of 
illustration and not as a definition of the limits of the invention, for which reference should 
be made to the appended dums, 

Other objects and features of the present invention will become apparent from 
the foUowiz^ decdled description oonsidered in ooiyunctioii with the acoompanyiikg 

15 drawings* It is to be understood, however, that the drawings are designed solely for 
purposes of illustration and not a? a definition of the limits of the invention, for which 
reference should be made to the appended claims. It should be further understood 
that the drawings are not necessarily drawn to scale and that, unless otherwise 
indicated, they are merely intended to concq^tually illustrate the structures and 

20 procedures described herein. 

Brief Description Of The Drawings 

In the drawings, wherein like reference numerals refer to like elements 
throughout the several views thereof 

Figure 1 is a schematic^ elevated perspective view of a mlcromachined relay 
75 febricated on an indepeadent MEMS clup» and an associated CMOS dup that carries its 
counterpart electrical dement which is operable to make an electrical connection witii 
the relay on the MEMS chip when the two chips are bonded together. 
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Figure 2 is schematic, elevated perspective view of the MEMS micro-relay of 
- Hgure 1 integrHted with the assooated CMOS clup usiiig fllp-cfaip bonding techniques; 

Figure 3 is cross-sectional view of the hybrid cn-cuit of Figures 1 and 2 after 
assembly; 

5 Figure 4 is a schenoatic, elevated perspective view of a hybrid Integrated circuit of 

the present ioventioa wherein a separate section of a CMOS diip is used to integrate the 
MEMS relay; 

Figure S is schenmdc, elevated perspective view of a hybrid integrated cirout of 
the present invention wherein a carrier wafer having &bricated interconnect wiring is 
10 used to integrate the MEMS relay with a CMOS chip; and 

Figure 6 is a schematic, elevated perspective view of a hybrid mtegrated 
circuit of the present invention wherein an uppermost layer of a CMOS chip is 
comprises the elements for electrical communicatioa with the MEMS relay, v^iich is 
integratable on K>p of the CMOS layer. 

15 Pttailed Dcscrintlon Of Tbc Presently Prcfenred Embodiments 

Refcning now to (he drawings, a hybrid relay drcult of the present invention 
is shown at 10 in Figures 1, 2 and 3. Circuit 10 may for eTcample comprise a 
conventional integrated circuit chip 20 that contains the circuit elements to perform 
the particular functions for which the hybrid circuit 10 is designed. In a preferred 

20 embodinoent, integrated circuit 20 is a CMOS circuit, but those skilled in the art will 
appreciate that any type of Integrated circuit may be used in hybrid circuit 10. CMOS 
integrated circuit chip 20 fnnfacr comprises a substrate 30 which conventionally 
comprises silicon, but may also comprise oda^r semiconductor materials such as Qe» 
GaAs, [nP and others dq>endhig on the particular ai^lication intended for the hybrid 

25 circuits of the present invention. 

In the embodiment of Figures 1, 2 and 3, the MEMS chip 40 comprises a micro- 
relay that is agreeable as an electrostatically actuated switch. The micro-relay indudes a 
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mobne nucromaclune 50 tliat cacries an dectiictU contact pad or bridge electrode 60 
- movaUe vn± the nucromachine SO into electrical cootact with an element on CMOS 
chip 20 to conqtlete the eleetricBl comiBCtion between the two chips. Even more 
preferably, the mobile mia-omachine 50 comprises a cantilcva arm 70 having an end 80 

5 anchored to a fwbstratc 90 of MEMS chip 40. Substrate 90 also conventionally 
conq>ii8es alicon. but uhimaftely similarly comprise other sennconductor materiaJs 
depending on Ae particular applications in which the MEMS devices febricated thereon 
will be used. In a prefened ibrm, the bridge electrode 60 has a thickness of from about 
0.01 microns to about 10 microns on its top. StUt more prefierably, the cantilever arm 70 

10 has a width from about 1 micron to about 10,000 microns on each side and a thickness 
from about O.Ol microns to about 10 microns. For ideal relay opcradon, where a control 
drcoit for the MEMS device on chip 40 and the main circuitry on chip 20 are electrically 
isolated, the cantilever am 70 may con^n^se an insulator-like silicon dioxide or silicon 
nitride composition. 

15 Alternately, the cantilever arm 70 may comprise a conductor and the electrical 

bridge contact or pad 60 may be deposited above an insulating layer (not shown in die 
Figures) on cantilever arm 70. In such an embodiment, the diickness of the insulating 
lay^ will be between abom 0.01 microns and about 100 mbrons. 

The CMOS chip 20 fiirthcr comprises the requisite contact electrodes 100 that 
20 win allow the cantileiver ann 70 and electrode 60 to cooaplcte the electrical connection 
necessary fox the circuit fiinction. Both the MEMS chip 40 and the CMOS chip 30 also 
comprise actuation electrodes 95 fabricated on then* respective substrates 90, 30 and to 
operativdy pull the mobile micromacJune cantilever arm 70 and bridge electrode 60 
towards the contact electrodes 100 with an electrostatic force created by selectively 
25 applying a voltage to the electrodes 95. In this manner, electrical contact can be made 
between contact electrodes 100 and the bridge electrode 60 so that a robust electrical 
connection can be effectuated between the contact electrodes 100 to ensure that stable 
transmission of electrical signals can take ptlace fhnnigh the contact electrodes 100. 
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The CMOS chip 20 is fabricated using cosventional CMOS &bricatioa 
- cechnology, wlule the MBilS chip 40 is iabricated using a MEMS fabrication 
process. Alceroateiy, oommercia) MEMS micro-relays may be used such as those 
available from Cronos Integrausd Microsystems, Inc. , of Research Triangle Park. 
5 North Carolina. 

As will be appredaied, it is necessary to bond the two chips together; 
however, the MEMS febrication and CMOS fiabricaUnn processes are not generally 
conq>atible, so that an independent bonding teclmique must be applied co achieve chip 
bonding. The independent bonding technique will result in a bonded hybrid circuit 
10 wherein the MEMS chip 40 is bonded to the CMOS chip 20 as shown in Figure 2. 

While any suitable bonding technique may be used to bond together the two 
chips 20. 40. in a preferred embodiment the two chips are bonded using a heat 
activation technique wherein a heat sensitive adhesive is applied between the two parts 
to be bonded together, following which heat and pressure applied to the two pieces so 
15 that the adhesive can anneal. Upon cooling, a hard, solid seal between the two 
substrates treated with the adhesive has been created. 

When the two substrates 30, 90 are flip-ch^ bonded together, a spacing or gap 
110 between the chips 20. 40 will be formed. That gap and more particularly the 
spacing between each of die actuation electrodes 95 and the movable portion of the 

20 micromachine SO - is determinative of die correct or appropriate operating voltage 
for actuating the MEMS relay 50. In a preferred embodiment, the width of gs^ 110 
is between about 0.1 microns and about 100 microns. The gap 1 10 can be conlrblled 
precisely during the flip-chip bonding process by utilizing spacers 120 (shown id 
Figure 3) of known thickness. Such spacers can be fabricated on either of the 

25 subsuates 30, 90 using either the MEMS or the CMOS febrication process, or both. 
When a voltage is allied between the actuation electrodes 95 and die mobile 
micromachine 50, the cantilever arm 70 is and moved or aitracled towards the CMOS 
chip 20. In this manner, the bridge electrode 60 the mobile micromachine SO 
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establishes the electrical coxmection to the contact electrodes 100 on the CMOS chip 
. 20. 

It will be appreciated by those skilled in the art that other types of actuation 
mechaiusms other than the cantilever arm 70 shown ia Figures I, 2 and 3 can be 
5 fabricated to implement a MEMS relay so long as the electrical connection to the 
CMOS chip can similarly be established by the ftip-chip bonding process. Such 
electrical connections can be achieved with other MEMS rel^ devices by utiliziiig tiie 
spacers 120. 

Indepeztdcnt of how the particular MEMS relay fiinctions. integration of the 

10 relay function onto the CMOS chip is a fundamental aspect of the present invention. 
Figure 4 depicts a prcfcrTcd embodiment of a hybrid circuit of the invention wherein 
illustrating the integration. In the embodiment of Figure 4, the electrical 
interconnecciofl between the CMOS chip 20 and MEMS chip 40 may be laid out 
during the CMOS fabrication process, in which, a separate CMOS-MEMS 

15 interconnection pad 130 is joined from the CMOS chip 20 to the MEMS chip 40, to 
establish an electrical connection therebetween. MEMS relays SO are preferably 
integrated onto part of die CMOS chip 20 by flip-chip bondmg. as described above. 
The contact electrodes 100 and tiic actuation electrode 95 necessary for completing the ' 
relay function are liabricated on CMOS chip at the area underneath where the MEMS 

20 chip is flip<h^ bonded. Tins embodiment is relatively simple to in^temeat, but 
suffers from the fact that the CMOS-MEMS interconnection 130, the contact 
elecUrodes 100^ and actuation electrodes 95 take up a large space and CMOS real 
estate can be quite expensive. In this embodimemf a significant portion of the silicon 
chip that goes through CMOS processmg actually does not carry CMOS circuitry but 

25 is rather dedicated to the interconnection 130 and mating electrodes 100, 95 for the 
MEMS relays, thus incurring unnecessary costs in fabrication of the CMOS chip. 

A second approach to integrating the relay fiinction is shown in Pigure 5. In this 
embodiment, a third carrier wafer 140 is &biicated. that canies the CMOS-MEMS 
electrical interconnect 130, the electrical connection pads 100, actuation electrodes 95, 
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and the mating electrodes for CMOS cfaip. The CMOS chip 20 and MEMS chip 40 are 
. then bdcpendently fiip-cfaqi bonded onto caxiier wafb* 140. Since wafier 140 does not 
itself proceed Ifarougb the fiill CMOS ftbrication process, the coat to produce the hybrid 
circiiit of Figure S is very low. 

5 Yet a third approach to the MEMS rday integradon issue of the Inveotioa is 

shown in Figure 6. In this embodiment, processing stqis are added in the CMOS 
process to &bricate the MEMS relay electrical connectiotts 100 and the actuation 
electrode 95 in the uppermost layen ISO of CMOS chap 20. Tbe MEMS relay diip 40 is 
then directly £Up-chip bonded onto CMOS chip 20, as discussed above. Because this 
10 embodiment requires a modification of the CMOS process itself it should be considered 
only if the relay functionality is absolutdy critical In the total perfbrmanoe of the CMOS 
dup. 

Regardless of of the embodiments discussed above is utilized in 

accordance with tbe present Invention, the inventive hybrid integrated circuits efi&ctively 
IS integrate a MEMS relay with an integrated cirouit chip cost-efifecdvely and robustly. 
The inventive circuits utilize only a small amount of CMOS real estate and are 
particularly useful in hi^ bandvnddi applications. Such results have not heretofore been 
achieved in the art. 

While there have been shown and described certain novel features of the 
20 invention as applied to preferred embodiments thereof, it will be that various 
omissions and substitutions and changes in the methods and apparatus described 
herein, and In their operation, may be made by those skilled in tbe art wit^jtout 
departing from the spirit and scope of the invention.. It is expressly intended that all 
combinations of those elements and/or mediod steps which perform substantially the 
2S same function in substantially the same way to achibve the same result are within the 
scope of the invention. SiibstitutioDS of elements from one described embodiment to 
another are also fully intended and comemplated. It is the intention, therefore, to be 
limited only as indicated by the scope of die claims appended hereto. 
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Thus, w]iile tbere liave shown ami <!lescribed and pointed out fundamental 
. DoveL features of the invention as applied to a prefiBrred embodiment thereof, h will 
be understood dkat various omissions and substitutions and changes in the fom and 
details of the devices iUustrated, and in their operation, may be made by those sldlled 

5 in (he art without dQ)aning from the spirit of the invention. For exazx^le, it is 
expressly intended that all combiiiations of those elements and/or method stqn which 
perform substantially the same function ia substantially the same way to achieve the 
same results are within the scope of the invention. Moreover, it should be recognized 
that structures and/or elements and/or znetbod steps shown and/or described in 

10 connection with any disclosed form or embodiment of the invention may be 
incorporated in any other disclosed or described or suggested form or embodiment as 
a general matter of design choice. It is the intention, therefore, to be limited only as 
indicated by the scope of the claims appended hereto. 
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Hybrid integrated circuitfl comprise a miao-electro mechanical systems (MEMS) 
relay which is fitp-chip bonded to a CMOS chip. By bonding the CMOS chip to the 
5 MEMS micro-relay, a robust electrical connection is made between the relayed chip for 
high int^iity ^ectrieal transmissioir throu^ the hybrid dicuit. Moreover, the dectrical 
sigpal propagation delays between the CMOS and MEMS chips are greatly reduced to 
thereby allow the hybrid integrated drcuits to be used ia high bandwidth applications. 
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